The development of the male germline within pollen relies upon the activation of numerous target genes by the transcription factor DUO POLLEN1 (DUO1). The expression of DUO1 is restricted to the male germline and is first detected shortly after the asymmetric division that segregates the germ cell lineage. Transcriptional regulation is critical in controlling DUO1 expression, since transcriptional and translational fusions show similar expression patterns. Here, we identify key promoter sequences required for the germline-specific regulation of DUO1 transcription. Combining promoter deletion analyses with phylogenetic footprinting in eudicots and in Arabidopsis accessions, we identify a cis-regulatory module, Regulatory region of DUO1 (ROD1), which replicates the expression pattern of DUO1 in Arabidopsis (Arabidopsis thaliana). We show that ROD1 from the legume Medicago truncatula directs male germline-specific expression in Arabidopsis, demonstrating conservation of DUO1 regulation among eudicots. ROD1 contains several short conserved cis-regulatory elements, including three copies of the motif DNGTGGV, required for germline expression and tandem repeats of the motif YAACYGY, which enhance DUO1 transcription in a positive feedback loop. We conclude that a cis-regulatory module conserved in eudicots directs the spatial and temporal expression of the transcription factor DUO1 to specify male germline fate and sperm cell differentiation.
Pollen grains, the haploid male gametophytes, play a key role in flowering plant sexual reproduction through the generation and delivery of two sperm cells to the embryo sac to enable double fertilization. Pollen develops in the anther locules from haploid microspores formed after meiosis. The microspores complete a highly asymmetric division to produce two daughter cells, which immediately enter different developmental pathways and have distinct transcriptional profiles (for review, see Rutley and Twell, 2015) . The larger vegetative cell has decondensed chromatin, exits the cell cycle and has a supportive role, whereas the smaller generative (or germ) cell is engulfed within the vegetative cell and divides to produce tricellular pollen containing two sperm cells. In some plants, such as Arabidopsis (Arabidopsis thaliana) germ cell division occurs before anthesis, while in others it occurs during pollen-tube growth. The asymmetric division of the microspore is crucial for the specification of distinct daughter cells as nearsymmetrical divisions result in two vegetative-like cells (Eady et al., 1995; Twell et al., 1998) . This suggests that vegetative cell fate is the default developmental pathway, and that germ cell fate must be actively specified. For further reviews of pollen development refer to Borg et al. (2009) , Twell (2011), Twell (2011) , Berger and Twell (2011) , and Brownfield and Twell (2016) .
Following asymmetric microspore division, the R2R3 MYB transcription factor DUO POLLEN1 (DUO1) plays a key role in the development of the male germline in Arabidopsis Rotman et al., 2005) . DUO1 is responsible for the transcriptional control of a gene regulatory network, which includes the mitotic cyclins required for entry into pollen mitosis II and proteins required for sperm cell adhesion and fertilization, such as GEX2 and GCS1 (HAP2; Brownfield et al., 2009; Mori et al., 2006 Mori et al., , 2014 . DUO1 therefore coordinates an essential gene regulatory network required for male germline differentiation and plant fertility, and the control of DUO1 expression is key in understanding the genetic control of male gametophyte and germline development.
The expression of DUO1 is restricted to the male germline in Arabidopsis (Rotman et al., 2005; Brownfield et al., 2009) . For example, a translational reporter fusion of DUO1 is first detectable in the newly formed germ cell soon after asymmetric microspore division with expression increasing during germline development, before declining in the sperm cells Borg et al., 2014) . The early activation of DUO1 is not only required to establish the germline soon after asymmetric division, but DUO1 expression must also be limited to male germ cells, as aberrant growth or cell death results from the ectopic expression of DUO1 in vegetative tissues or in pollen vegetative cells (Palatnik et al., 2007; Brownfield et al., 2009) . Thus, tight spatial and temporal regulation is necessary to ensure that DUO1 is activated soon after asymmetric microspore division and is restricted to the germline. This strict control operates primarily at the level of transcription, since DUO1 promoter-reporter constructs and DUO1 protein fusion constructs both show male germline-specific expression (Rotman et al., 2005; Brownfield et al., 2009 ).
Transcriptional regulation is commonly achieved through the recognition and binding of transcription factors to short cis-regulatory elements (CREs) within promoter regions. Several CREs arranged into cisregulatory modules important for the expression of pollen-specific genes in the vegetative cell have been defined (Twell et al., 1991; Eyal et al., 1995; Weterings et al., 1995; Bate and Twell, 1998; Rogers et al., 2001 ). These include MEF2-type CArG box motifs bound by pollen-specific MIKC* MADS box proteins (Verelst et al., 2007a (Verelst et al., , 2007b . Although germ cells possess unique transcriptional profiles (Borges et al., 2008; Russell et al., 2012) , only a few CREs that are known to act in the germline have been characterized. Haerizadeh et al. (2006) proposed that a CRE in the promoter of the Lily Generative Cell1 (LGC1) gene acts as a silencer to control germline specificity through binding of the repressor, GERMLINE RESTRICTIVE SILENCING FACTOR (GRSF), in nongermline cells. Another CRE important for the expression of genes in the male germline is the AACCG motif bound by DUO1 in Arabidopsis . Among the targets of DUO1, the activity of the Arabidopsis male germlinespecific HTR10 (MGH3) promoter (Okada et al., 2005; Brownfield et al., 2009 ) and those of the DUO1-ACTIVATED ZINC FINGER PROTEIN genes, DAZ1 and DAZ2, depend upon the presence of several DUO1 binding sites (Borg et al., , 2014 . Moreover, the OsGEX2 promoter, which also contains a conserved DUO1 binding site, confers sperm-cell-specific expression in rice pollen (Cook and Thilmony, 2012) , similar to the activity of the AtGEX2 promoter in Arabidopsis (Engel et al., 2005) .
More recently, a CRE that directs sperm-cell-specific expression in Arabidopsis was identified in the promoter of the Plumbago zeylanica isopentenyltransferase (PzIPT1) gene (Zhang et al., 2016) . This study identified a regulatory region consisting of duplicated 6-bp Male Gamete Selective Activation (MGSA) motifs, located near the transcription start site. These MGSA motifs are sufficient to direct male germline-specific expression of the PzIPT1 promoter and were shown to be important for the activity of six other sperm-cell-expressed genes in Arabidopsis. In contrast to proposed repressive functions of GRSF in nongermline cells, both the MGSA and DUO1 binding sites led to transcriptional activation specifically in the male germline.
The early expression of DUO1 in the generative cell suggests that transcription factors bind at this stage to CREs in the DUO1 promoter to provide germline specificity. The DUO1 promoter contains a sequence motif similar to that in the silencer CRE of the lily LGC1 promoter, to which the GRSF repressor can bind (Haerizadeh et al., 2006) . However, mutation or removal of this site does not impact upon the specificity of DUO1 transcription, suggesting that release from GRSF-mediated repression does not determine the germline specificity of DUO1 ). On the contrary, there is evidence that the ARID1 protein has a positive influence on DUO1 promoter activity in Arabidopsis. ARID1 is reported to bind the DUO1 promoter in a region approximately 2600 to 2300 bp upstream of the ATG, and in the absence of ARID1, the expression of DUO1 is reduced (Zheng et al., 2014) . Since ARID1 is expressed in microspores and vegetative cells (Zheng et al., 2014) it is unlikely to be required for the germline-specific activation of DUO1. Moreover, reduced H3K9ac levels at the DUO1 promoter in the arid1-1 mutant suggest that ARID1 might act through derepression of DUO1 transcription, rather than through direct activation (Zheng et al., 2014) . Given that sequences in the 2150 bp proximal DUO1 promoter are sufficient to direct male germline-specific transcription , positive transcriptional control mechanisms are likely to control the specificity of DUO1 expression.
Here, we combine quantitative analysis of a DUO1 promoter deletion series with phylogenetic footprinting to identify a conserved region that is sufficient for germline-specific expression throughout pollen development. This cis-regulatory module, named Regulatory region of DUO1 (ROD1), shows sequence conservation throughout the eudicots and is functionally conserved in the legume Medicago (Medicago truncatula). We show that ROD1 contains conserved short CREs that are essential for male germline expression as well as CREs involved in positive feedback regulation by DUO1. The conservation of ROD1 throughout the eudicots highlights the importance of the correct spatial and temporal expression of DUO1 for the generation of functional sperm cells in flowering plants.
RESULTS

Quantification of a Promoter Deletion Series Identifies Important Regions of the DUO1 Promoter
We previously defined the Arabidopsis DUO1 promoter to include the intergenic region between DUO1 (At3g60460) and the coding sequence of the adjacent gene (At3g60470; Brownfield et al., 2009 ). This promoter sequence begins 21253 bp upstream of the annotated ATG in TAIR10. The RACE on pollen RNA was used to delimit the DUO1 transcript and transcription start site to 52 bp upstream of this ATG (Supplemental Fig. S1 ). This revealed an in-frame ATG 9 bp upstream of the annotated ATG. We herein specify numbering of the DUO1 promoter relative to this first ATG (for a comparison of numbering see Supplemental Table S1 ).
To identify regions of the promoter regulating the germline expression of DUO1, we previously analyzed a 59 deletion series ranging from 21244 to 261 bp relative to the ATG and concluded that a 2198-bp fragment was required for male germline-specific expression ). Here, we extend this analysis by quantifying the fluorescence signal of the H2B-GFP reporter (H2B provides nuclear localization) for selected promoter deletion fragments with a further deletion (2143 bp) to improve resolution.
Analysis of the deletion series revealed a progressive decline in H2B-GFP fluorescence signal in sperm cells of mature pollen (Fig. 1 ). There was a significant reduction in signal from the full-length promoter to a 2775 bp fragment, followed by a plateau between 2775 bp and 2455 bp (Fig. 1A : the slight drop between 2570 bp and 2455 bp is not statistically significant). Expression was significantly lower between 2455 bp and 2304 bp, and between 2304 bp and 2143 bp (Fig. 1A) , reaching the lowest signal with the 2143 bp promoter (Fig. 1B) . No expression was detected for the shortest promoter fragment, indicating that sequences essential for DUO1 activation are found in the region between 2143 and 261 bp upstream of the ATG.
Phylogenetic Footprinting Identifies a Conserved Region of the DUO1 Promoter
The strict spatial and temporal transcriptional activation of DUO1 in the male germline of flowering plants suggests that key regulatory sequences could be conserved. We therefore analyzed promoter regions in the 1000 bp upstream of the ATG for 30 DUO1 orthologs from the eudicots for overrepresented sequences using MEME (Bailey et al., 2009 ). The most highly significant sequence identified (E value 7.7e 3 10
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) is located within 300 bp upstream of the ATG in all except three cases The DUO1 promoter has regions with sequence conservation in eudicots and Arabidopsis accessions. A, Positionspecific scoring matrix and E value of the overrepresented region in the DUO1 promoter from 30 diverse eudicot species identified through MEME. B, The position of the conserved region in the 30 eudicot DUO1 promoters. The relationship between the species is indicated on the left (adapted from Phytozome; Goodstein et al., 2012) . Black lines represent DUO1 promoter from 1000 bp upstream of the ATG, and green boxes indicate the position of the conserved region, with the precise position for the Arabidopsis region indicated above. Gene identifiers are provided in Supplemental Table S2 . C, The frequency of SNPs in the DUO1 promoter 1000 bp upstream of the ATG for 1135 Arabidopsis accessions. The conserved region in eudicots shown in A is indicated by a green box. Table S2 ). In Arabidopsis, this region is located between 2153 and 283 bp upstream of the ATG. Moreover, the functional 2143 bp deletion construct included the majority of this conserved region.
To further explore the conservation of DUO1 promoter sequences we utilized data from the Arabidopsis 1001 Genomes Project to examine conservation between Arabidopsis accessions (The 1001 Genomes Consortium, 2016). The regions 1000 bp upstream of DUO1 were analyzed for the frequency of single-nucleotide polymorphisms (SNPs) in 1135 accessions (Fig. 2C) . The SNP frequency showed regional variation, with up to 60% of accessions possessing an alternative base in some regions while other regions have very low numbers of SNPs. One notable region low in SNPs is located between 2167 to 2 69 bp, which overlaps the region conserved within the eudicots, and with the 2143 bp deletion fragment. This conservation in eudicots and among Arabidopsis accessions is indicative of positive selective pressure and thus suggests it has functional importance.
Another region between 2426 and 2273 bp also showed a low SNP frequency, with only a few polymorphic sites in one or two accessions (Fig. 2C ). While this region was not identified as being conserved in eudicots, the conservation within Arabidopsis accessions and the reduction in reporter fluorescence when this region was deleted (the 2455 bp and 2304 bp fragments in Fig. 1A ), indicates that this region might enhance DUO1 expression. The region from 2775 to 2642 bp was also low in SNPs, but its removal did not significantly reduce expression (compare 2755-to 2570-bp fragments in Fig.  1A ). Thus, this region does not appear to have an important role in regulating DUO1 expression and the conservation in Arabidopsis accessions might instead relate to the regulation of the adjacent At3g60470 gene that is in the opposite orientation.
A Small Region of the DUO1 Promoter Is Sufficient for Germline-Specific Expression within the Male Gametophyte
Taken together, the results of the DUO1 promoter deletion analysis and the identification of a highly conserved region in eudicot promoters suggest that the DUO1 promoter region from 2153 to 261 bp is important for germline expression. We therefore tested if this region was sufficient for expression by fusing four copies of this region upstream of the minimal Cauliflower mosaic virus (CaMV) 35S promoter and an H2B-TdTomato reporter (Fig. 3A) . The full-length CaMV 35S promoter and the minimal CaMV 35S promoter are not active in Arabidopsis pollen (Wilkinson et al., 1997; Zhang et al., 2016) . Sperm-cell-specific expression was observed in mature pollen in 10 out of 10 transgenic lines, indicating that this region of DNA was sufficient to activate germline transcription (Fig. 3B) . We also tested a shorter region containing just the region conserved in eudicots (2153 to 283 bp). Plants harboring this construct showed germline-specific expression in mature pollen in 10 transgenic lines examined (Fig. 3C ), demonstrating that this conserved region alone is sufficient to direct germline-specific transcription.
We next asked if this region could replicate the expression pattern of the full-length DUO1 promoter during pollen development. We first monitored expression of the full-length (21244 bp) DUO1 promoter driving expression of H2B-GFP (equivalent to the longest fragment in the deletion series) using confocal laser scanning microscopy (CLSM; Fig. 3D ). Similar to our previous analysis of a translational fusion ), GFP was not observed in polarized microspores, but a weak signal was detected, only in the germ cell nucleus, shortly after the asymmetric division. This signal increased during the bicellular stage and persisted in sperm cells present in tricellular mature pollen. We then analyzed the expression of the 2 153 to 261 bp fragment in developing pollen (Fig. 3E) . This region duplicated the expression pattern of the full-length DUO1 promoter, with GFP signal being absent from polarized microspores, weak in the germ cell soon after asymmetric division, subsequently increasing in germ cells and persisting in sperm.
While the 2143 bp promoter fragment was sufficient for germline expression, it showed reduced GFP signal compared with longer fragments in the deletion series ( Fig. 1) , suggesting the presence of other elements influencing DUO1 transcription. The two promoter regions that provided increases in expression in the deletion series (2455 to 2304 bp and 2304 to 2143 bp) overlap with an area low in SNPs (2429 to 2273 bp). We therefore tested the ability of these two regions to independently activate expression when placed upstream of min35S:H2B-TdTomato. No expression was detected in 10 lines for the region 2304 to 2144 bp (Fig.  3F) . A very low level of GFP fluorescence was detectable in a few pollen grains from two lines for the 2455 to 2305 bp fragment (Fig. 3G ) while no expression was detected in the other ten lines analyzed. To determine if extra copies would support an increase in expression or if potential CREs were disturbed at the margins of the fragment, we also made a tetramer of an extended 2475 to 2285 bp region fused to min35S:H2B-TdTomato. However, no expression was detected in 10 transgenic lines examined (Fig. 3H) . While the deletion series and conservation within Arabidopsis accessions indicate that these regions have a role in DUO1 regulation, the lack of, or minimal activity of, these regions alone suggests that they may act primarily as enhancers.
Collectively, our analysis shows that the region 2153 bp to 283 bp is the major region controlling the germline-specific expression of DUO1 in the Arabidopsis male gametophyte, and we have thus named it Regulatory region of DUO1 (ROD1).
ROD1 Is Functionally Conserved
ROD1 was partially identified based on its conservation among eudicots. To determine whether the Figure 3 . ROD1 is sufficient for germline-specific expression in the male gametophyte. A, Diagram showing the constructs used to test the activity of regions of the DUO1 promoter as four repeats (1, 2, 3, and 4) placed upstream of min35S:H2B-fluorescent reporter. Restriction enzyme and Gateway att sites used for cloning are indicated. B and C, Epifluorescence images showing sperm cell-specific expression in mature pollen containing pDUO1(2153 to 261)X4-min35S:H2B-TdTomato (B) and pDUO1(2153 to 283)X4-min35S:H2B-TdTomato (subsequently named ROD1) (C). D and E, Expression of the full-length DUO1 promoter (pDUO1(1244):H2B-GFP) (D) and pDUO1(2153 to 261)X4-min35S:H2B-GFP (E) in developing wild-type pollen, observed with CLSM. Left to right, polarized microspores (PM), early bicellular pollen (EBC), mid-to late-bicellular pollen (M/LBC), tricellular pollen (TC), and mature pollen (MP). Top, GFP; bottom, transmitted light. Detector settings were not consistent for all images to enable a range of signals to be shown, meaning a direct comparison of intensity cannot be made between images. White arrowheads, germ cell expression in early bicellular pollen; black arrows, the position of the microspore or the function of this region is conserved, we monitored the expression of the Medicago DUO1 (MtDUO1) promoter. Medicago is a legume and distantly related to Arabidopsis within in eudicots (Fig. 2B) . We cloned an MtDUO1 fragment of 2726 bp upstream of the ATG and fused this to an H2B-GFP reporter. Ten out of the 10 transgenic Arabidopsis lines we examined had sperm-cell-specific expression in mature pollen (Fig. 4A) , demonstrating that the Medicago promoter is active in Arabidopsis. Furthermore, the MtDUO1 promoter showed a similar expression profile to that of the AtDUO1 promoter, with expression first detected specifically in the germ cell soon after asymmetric division before increasing in the germline (compare Figs. 3D and 4A ).
We created a 59 deletion series of the MtDUO1 promoter and quantified H2B-GFP expression in seven to 10 independent T1 transgenic lines for each construct (Fig. 4, B and C) . Similar to the Arabidopsis deletion series, there was a progressive decline in reporter expression in sperm cells. Removal of a region from 2726 to 2517 bp led to a significant decrease in expression, suggesting this region contributes to transcriptional activation. The MtDUO1 promoter, truncated to either 2516 bp or 2247 bp, showed similar levels of expression, suggesting this region has little impact upon transcription. None of the 10 transgenic lines examined containing the 2171-bp deletion showed GFP signal, which is consistent with the absence of MtROD1 from this construct and the requirement of this conserved region for expression in Arabidopsis.
We then asked if the MtROD1 was also sufficient for expression in Arabidopsis pollen by placing four copies of the MtROD1 region (2247 to 2150 bp) upstream of min35S:H2B-GFP. Ten independent lines displayed sperm-cell-specific expression in mature pollen (Fig.  4D) . Analysis of the activity of MtROD1 during pollen development revealed a similar pattern of expression to those of the Arabidopsis full-length promoter and to four copies of the AtROD1 fused upstream of min35S: H2B-GFP (Fig. 4D) .
Together, these results suggest that the AtDUO1 and MtDUO1 promoters share a similar architecture with enhancer regions located upstream of ROD1, the latter being sufficient for germline-specific expression in pollen.
ROD1 Contains Several CREs
Since ROD1 is sufficient to direct germline expression, we sought to identify the functional CREs present within this key region. Visual inspection of ROD1 revealed several short-sequence motifs that display higher conservation than other regions (Fig. 5A) . These motifs include an AG-rich region at the distal end, with the consensus GAGARAAA, although with some variation at 59 nucleotide positions. This is followed by three adjacent copies of a GTGG core motif (only two copies in Eucalyptus grandis), which show some similarity in flanking nucleotides. While these motifs differ slightly at each location, the overall consensus is DNGTGGV. At the proximal end of ROD1, there are tandem copies of the consensus motif YAACYGY, with at least one repeat matching the consensus YAACCGY and the core DUO1 binding site AACCG . Although the spacing between the individual motifs is variable, they usually occur within 20 bp of the adjacent motif (Fig. 5A) .
To test the functional significance of these common motifs within ROD1, we disrupted these using site directed mutagenesis within an active 2198 bp AtDUO1 promoter fragment (Fig. 5B) . We first confirmed sperm-cell-specific expression of the unmodified pAtDUO1(2198):H2B-TdTomato construct in 10 transgenic lines (Fig. 5C ). Mutation of all sites completely abolished expression in 10 independent lines examined, indicating that at least one of these putative CREs is required for germline expression by ROD1 (Fig. 5C) .
Mutation of the AG-rich motif had no impact on sperm-cell-specific expression in mature pollen of four transgenic lines (Fig. 5C ), indicating this region is not essential for the activity of ROD1. However, mutation of the three DNGTGGV motifs abolished sperm cell expression in all ten transgenic lines examined (Fig. 5C ). This loss of expression indicates that the DNGTGGV sites are essential for the activation of transcription via ROD1 and are likely to represent transcription factor binding sites. When the paired YAACYGY sites were mutated in the 2198 bp AtDUO1 promoter fragment, sperm cell-specific expression was detected in mature pollen from all eight transgenic lines examined.
The YAACYGY Motifs Are Involved in Autoregulation by DUO1
The consensus sequence AACCG has been characterized as a DUO1 binding site . Since the YAACYGY motif is similar to the DUO1 binding site and is found in all eudicot DUO1 promoters and at least one of the two copies contains AACCG, we asked whether this site is involved in DUO1 autoactivation. We quantified the expression of the unmodified 2198 bp DUO1 promoter fragment and the version with both YAACYGY sites mutated (Fig. 5D ). This revealed a significant drop in expression upon ablation of the AACCG motifs, consistent with a role for this in enhancing expression through autoregulation by DUO1. . The Medicago DUO1 promoter and ROD1 direct male germline-specific expression in Arabidopsis. A, Expression of the full-length MtDUO1 promoter (pMtDUO1(2726):H2B-GFP) in developing wild-type pollen, observed with CLSM. Left to right, polarized microspores (PM), early bicellular pollen (EBC), mid-to late-bicellular pollen (M/LBC), tricellular pollen (TC), and mature pollen (MP). Top, GFP; bottom, transmitted light. Detector settings were not consistent for all images to enable a range of signals to be visualized. White arrowheads, germ cell expression in early bicellular pollen; black arrows, position of the microspore or the vegetative cell nucleus when discernable. B, The fluorescence level of MtDUO1 promoter deletion fragments fused to H2B:GFP in the sperm cells of mature pollen relative to the longest fragment. The data represents the median, with error bars indicating the 95% confidence interval for each construct. Deletions with significant differences from the previous are indicated by bars above (***P , 0.001; t test). No statistical comparison could be made between the 2247 and 2171 bp constructs, In addition, we made a construct containing four copies of the region with the two YAACYGY motifs placed upstream of the min35S promoter linked to the H2B:TdTomato reporter. This construct was expressed in sperm cells of mature pollen for nine transgenic lines examined in a wild-type (Col-0) background. Expression from the construct was also monitored in pollen from nine duo1-4 heterozygous lines, which produce 50% wild-type (tricellular) pollen and 50% duo1 (bicellular) pollen. Fluorescence was detected in sperm cells from approximately half of the wild-type pollen grains, indicating a high frequency of expression in the 50% of wildtype pollen segregating with the transgene following meiosis. However, fluorescence was very rarely detected in single duo1 germ cells of bicellular pollen (Fig. 5, E and  F) . Thus, high activity of this construct is dependent on the presence of functional DUO1 protein, consistent with DUO1 binding to the tandem YAACYGY motifs in a positive feedback loop to increase expression.
Overall, this analysis indicates that ROD1 is a cisregulatory module with distinct CRE architecture in eudicots with three DNGTGGV motifs required to initiate expression and two YAACYGY motifs bound by DUO1 to enhance expression. We also asked if a similar regulatory module is present in the promoters of DUO1 genes outside the eudicots. An altered module with reduced size was identified in DUO1 promoter regions from grasses, with two DNGTGGV motifs in close proximity and a single YAACYGY motif, although this was commonly in the reverse direction (Supplemental Fig. S2 ). In nongrass monocots and basal angiosperms an altered module was also present, with three DNGTGGV motifs and a single YAACYGY motif, but with a greater distance between motifs. In nonflowering plants, individual motifs are present, but these are not clearly organized into a ROD1-like module, indicating lack of conservation of this regulatory module in preangiosperms (Supplemental Fig. S3) 
DISCUSSION
The transcription factor DUO1 is essential for the activation of the developmental program leading to differentiation of the male germline and sperm cells. Germ cells fail to divide in duo1 mutants and do not express a range of direct target genes, including those required for sperm cell function Rotman et al., 2005; Brownfield et al., 2009; . The expression of DUO1 is restricted to the male germline and is first activated shortly after asymmetric division of the microspore, before the germ cell detaches from the microspore wall ). Further, ectopic expression of DUO1, either in sporophytic tissues or in the pollen vegetative cell, leads to growth defects and cell death, respectively (Palatnik et al., 2007; Brownfield et al., 2009) . Here, we show that a small 71 bp region of the DUO1 promoter, ROD1, is both necessary (no expression when removed; Fig. 1 ) and sufficient (activates reporter expression; Fig. 3 ) for the germline-specific expression of DUO1. Moreover, this region replicates the expression pattern of the full-length DUO1 promoter during pollen development, being first activated shortly after the asymmetric division that is critical for the segregation and specification of the male germline.
ROD1 Acts as a cis-Regulatory Module
ROD1 contains a combination of short conservedsequence motifs. At the distal end, an AG-rich motif is followed by three repeats of the consensus DNGTGGV motif, while two copies of the YAACYGY motif are present at the proximal end. The AG-rich motif is least conserved and this variation is tolerated, as this motif differs in the MtDUO1 promoter (Fig. 4A ), but MtROD1 is still functional in Arabidopsis. Sitedirected mutagenesis revealed that the DNGTGGV motifs are required for the activation of germline transcription by ROD1 and this does not depend upon the presence of the other motifs. Thus, the repeated DNGTGGV motif is an essential CRE for male germline-specific expression of DUO1 and its key role in germline specification. This motif has some sequence similarities to defined CREs, such as GTGGNG bound by the Medicago HD-PHD family member ALFIN1 (Bastola et al., 1998) , and the ABA-response element YACGTGKC bound by bZIP transcription factors (Nakashima et al., 2009 ). Both of these elements appear to require repetition of the same or a similar motif. As these sequences display differences from the DNGTGGV motif in the DUO1 promoter and are bound by transcription factors from different families, it is difficult to predict which transcription factors may bind the DNGTGGV repeats in the DUO1 promoter. The requirement for multiple DNGTGGV motifs for DUO1 promoter activity in the germline immediately after asymmetric division allows us to speculate that DNA-binding regulatory factors may be segregated during asymmetric division, or their activity may be regulated in association with microspore polarity and asymmetric division. Once these are identified it will also be of interest to examine whether such factors are disturbed in mutants such as gem1 and gem2, which disrupt polarity and fail to establish germ cell fate (Park et al., , 2004 Twell et al., 2002) . ROD1 is sufficient for the activation of germline transcription in the absence of either the AG-rich region or the YAACYGY motifs, showing that neither of these motifs are essential for DUO1 promoter activity. However, mutation of the YAACYGY motif decreased expression, suggesting this region acts to enhance expression. Two copies of YAACYGY are present in ROD1 in all eudicots, and at least one copy contains the DUO1 binding site consensus AACCG . Interestingly, the YAACYGY motif alone can only activate transcription in wild-type pollen that expresses DUO1 protein. Taken together, these data indicate that the expression of DUO1 is likely to be enhanced by a positive feedback loop in which DUO1 binds to the tandem motifs in its own promoter to increase expression. Positive feedback has been observed for other R2R3-type MYB transcription factors, such as MYB10 involved in anthocyanin production in apple, where multiplication of the corresponding CRE leads to red-fleshed apples (Espley et al., 2007) . Similarly, MYB23 provides a positive feedback loop in Arabidopsis root cell fate specification via MYB23 binding to its own promoter, together with its activation by the R2R3 MYB WEREWOLF (Kang et al., 2009) .
Overall, our data lead to a model for the germlinespecific activation of DUO1 controlled by ROD1. Binding of a transcription factor to the DNGTGGV motifs activates expression at, or very soon after, asymmetric division of the microspore. This leads to the production of DUO1 in the germ cell in early bicellular pollen, which in turn switches on transcription of its target genes . As the DNGTGGV motif is not overrepresented in the promoters of DUO1 target genes (MEME analysis; data not shown), the transcription factor(s) that activate DUO1 are not involved in enhancing expression of DUO1 target genes. The binding of DUO1 to its target promoters includes binding to its own promoter in a positive feedback loop. This increases expression of DUO1, ensuring sufficient protein is made to activate its multiple targets and commit the segregated generative cell to male germline fate. In addition, upstream enhancer elements in the DUO1 promoter (2455 to 2143) further increase DUO1 expression (see Fig. 1A ). These enhancer regions could function by promoting the formation of permissive chromatin, since ARID1, which is involved in chromatin remodeling, has been shown to bind chromatin within these regions (Zheng et al., 2014) .
Relationship with Other Known Male Germline-CREs
Despite plant sperm cells having a distinct transcriptional profile (Borges et al., 2008; Russell et al., 2012) , relatively few CREs important for male germline expression in Arabidopsis pollen have been reported. One is the DUO1 binding site found in the promoters of genes directly regulated by DUO1 and shown here to likely be involved in DUO1 autoactivation. Many DUO1 target genes, such as HTR10 (MGH3) and GCS1 (HAP2), display germline-specific expression, and mutation of DUO1 binding sites within the HTR10 promoter reduces expression to low levels . Thus, the binding of DUO1 to its corresponding CREs contributes to the germline specificity of a number of genes, as well as enhancing its own expression.
Other germline CREs, which direct sperm-cell-specific expression, were identified in the promoter of the PzIPT1 gene (Zhang et al., 2016) . Disruption of two 6-bp Male Gamete Selective Activation (MGSA) motifs located near the transcription start site inactivated PzIPT1 promoter activity in sperm. Similar to ROD1, multiple copies of the MGSA motif placed upstream of the minimal CaMV 35S promoter were sufficient to direct sperm-cell-specific expression. MGSA motifs were found in other spermcell-expressed genes and shown to be required for the activity of six sperm-cell-expressed genes in Arabidopsis. However, unlike ROD1 these MGSA motifs activate transcription only at late stages of pollen development (Zhang et al., 2016) . Therefore, they are unlikely to play critical roles in establishing male germline fate but could promote the expression of genes required for sperm cell maturation through responses to the plant hormone cytokinin (Zhang et al., 2016) .
A repressive model for controlling male germline specificity has also been proposed (Haerizadeh et al., 2006) . In this model, the binding of the regulatory factor GRSF to a silencer element represses expression in nonmale germline cells, such that transcriptional activation in germ cells results from derepression. However, mutation of the putative GRSF binding site in the DUO1 promoter did not alter germ cell specificity , and the PzIPT1 promoter does not contain the GRSF binding site (Zhang et al., 2016) . Further, the activity profiles of the DUO1 (Fig. 1) and PzIPT1 (Zhang et al., 2016) promoter deletion series and the identification of regions that specially activate transcription in the germline (ROD1 and MGSA) both indicate that transcriptional activation, rather than repression, controls male germline specificity in Arabidopsis.
Conservation of ROD1 within Eudicots Reflects Its Functional Importance
The architecture of ROD1 suggests an ordered cisregulatory module that is highly conserved in the DUO1 promoter in Arabidopsis accessions and throughout eudicots, spanning 140 to 150 million years (Chaw et al., 2004) . Moreover, the organization of conserved CREs in similar cis-regulatory modules has been reported in animal and plant promoters, respectively (Gupta and Liu, 2005; Picot et al., 2010) . The pattern of an AG-rich region followed by three repeats of DNGTGGV and then two repeats of YAACYGY in a region spanning less than 80 bp is found in almost all eudicot DUO1 orthologs examined. A high level of sequence similarity in both coding and regulatory regions indicates functional conservation (Picot et al., 2010; Korku c et al., 2014 ), which appears to be the case for ROD1, as MtROD1 functions in Arabidopsis. A reduced, altered region is also present in DUO1 promoters from grasses, which could potentially function as a cis-regulatory module for male germline expression of DUO1 in these species. In nonflowering plants, some of the individual motifs are present; however, they are not organized into a similar regulatory module, and it remains to be determined whether these short motifs are involved in regulating DUO1 expression.
The high level of conservation suggests that ROD1 in eudicots is under evolutionary constraint. This likely relates to the requirement for tight spatial and temporal control of DUO1 protein expression. As DUO1 is essential for the activation of a male germline developmental pathway, expression is required at a sufficient level in the germline to activate all target genes, and reduced expression may be selected against through negative effects on sperm cell fitness. Further, misexpression of DUO1 and the resulting ectopic activation of germline genes is known to be detrimental to other cell types, such as the pollen vegetative cell and to sporophytic tissues (Palatnik et al., 2007) . Thus, mutations resulting in "leaky" expression of DUO1, outside of the male germline are expected to reduce fitness. Interestingly, this high level of evolutionary conservation contrasts with the evolutionarily young transcriptome of angiosperm male gametophytes (including the germline), which represent an "innovation incubator" for the birth of new genes Cui et al., 2015) .
CONCLUSION
We have shown that expression of the male germlinespecific transcription factor DUO1 is controlled by the conserved cis-regulatory module ROD1. We propose a model wherein DNGTGGV motifs bind an activator to stimulate germ cell expression of DUO1 soon after microspore division, and binding of DUO1 to tandem YAACYGY motifs maintains and enhances DUO1 transcription. The conservation of ROD1 among eudicots also highlights evolutionary constraints on the mechanisms controlling the level and specificity of DUO1 expression required to ensure gamete differentiation. Equally important are the mechanisms restricting DUO1 transcription to prevent inappropriate expression of male germline genes and its negative consequences. A key challenge that remains is to identify the regulatory proteins that bind ROD1 to activate DUO1 transcription.
MATERIALS AND METHODS
Plant Material and Transformation
Arabidopsis (Arabidopsis thaliana) plants were grown at 20°C to 21°C under a 16-h-light and 8-h-dark cycle, with approximately 70% relative humidity. Plants were transformed with Agrobacterium tumefaciens strain GV3101 using a standard (Clough and Bent, 1998) or modified (Martinez-Trujillo et al., 2004) floral dip method. Transformants were selected on soil with BASTA (200 mg/L glufosinate ammonium, DHAI PROCIA) by spraying or subirrigation or on 0.53 Murashige and Skoog plates with kanamycin (50 mg/L). Vectors were transformed into either heterozygous duo1-4 plants (Borg et al., 2014) to generate wild-type and heterozygous duo1-4 T1 plants or into Col-0. Plants used for the Arabidopsis deletion series were as described in Brownfield et al. (2009) .
Vector Construction
Gateway multisite cloning (Life Technologies) was used to generate vectors. Promoter regions were amplified from genomic DNA from Arabidopsis Col-0 or Medicago truncatula R108 plants by PCR with high-fidelity taq polymerase (Phusion) with primers containing suitable attachment sites. For creation of tetramer (4X) promoter fragments, the four copies of DNA were amplified individually and flanked with different combinations of attachment sites and restriction sites (Fig. 3A) . PCR fragments were purified (PCR kit), and the four pieces were digested in a single reaction then ligated using T4 ligase, and the ligation product was added to a PCR with full-length attB-site primers. For sitedirected mutagenesis, DNA fragments were synthesized by Integrated DNA Technologies with suitable attachment sites. Purified PCR products or synthesized gene fragments were cloned into pDONRP4-P1R via a BP reaction with BP Clonase II (Life Technologies) and verified by sequencing. pENTR221: min35S-H2B, pENTR221:H2B, and pENTP2R-P3:TdTomato were as described in Borg et al. (2014) , and pENTRP2R-P3:GFP was as described in Brownfield et al. (2015) . pDONR221:min35S-H2B was made by fusion PCR combining the 246 to +18 region of the CaMV 35S promoter with H2B from pDONR221:H2B, with attachment sites added to the primers flanking the fusion product, cloned into pDONR221 with BP Clonase II and verified by sequencing. To create expression constructs, multipart LR reactions were performed using LR Clonase II Plus (Life Technologies) and the destination vector pB7m34GW (Karimi et al., 2005) .
RACE
Mature pollen RNA was used to amplify the 59 and 39 ends of the DUO1 mRNA with a GeneRacer kit (Invitrogen) according to manufacturer's instructions. The 59 cDNA end was amplified with DUO1 C3-R reverse primer (CTTTGAAACATGTCTGCATC) and nested with DUO1-RT-R (CGAA-CAATGGCTCAGAAGAATCAGC). The amplification of 39 ends of the cDNA was performed with a DUO1 N1-F forward primer (ATGGCTAGGATTCTT-CATAACTCC) and nested using DUO1-RT-F forward primer (AACGT-CAAACCAATCCGTCAATCC). The sequence data of the delimited DUO1 transcript was deposited in GenBank (HM776521).
Microscopy
For epifluorescence microscopy mature pollen was isolated in DAPI buffer as previously described . Epifluorescence microscopy was performed on either a Nikon Eclipse 80i microscope fitted a DS-Qi1MC camera with illumination provided by a precisExcite LED light source or a Olympus IX71/IX51 inverted microscope using the Olympus DP controller with a 403 objective. The excitation filter range was 450 to 490 nm for GFP with an emission filter of 500 to 545 nm and for TdTomato 550 to 600 nm excitation and 615 to 665 nm emission. For analysis of fluorescence all images in an experiment were captured under standard exposure, ISO sensitivity, and pixel size. Fluorescence was measured using NIS Elements BR version 4.00.03 or ImageJ with background subtracted by using the rolling ball algorithm in ImageJ (ball size 500.0 pixels). In-focus sperm cells were selected, commonly only one per pollen grain, and the software used to measure the mean intensity. Background fluorescence from a cytoplasmic region of each pollen grain was subtracted from each value. Normally distributed data were tested for significance with a Student's t test on the mean of each independent line. Nonnormally distributed data were tested with a Mann-Whitney U test on the medians.
For analysis of developing pollen, spores were released from flower buds from different stages of development as in Brownfield et al. (2009) . Confocal laser scanning microscopy was performed on an Olympus FluoView FV1000 microscope, with Olympus FluoView software and Olympus BX61 camera with a 603 oil objective. Dwell time was 20 ms and the pinhole 100 nm. For GFP excitation, a 473 nm laser was used, and detection between 485 and 494 nm with the sensitivity of the photon multiplier detector altered between 500 and 650 mV, depending on signal strength. For transmitted light, the detector was set at 140 mV. All images are an average of four scans (Kalman set to 4).
Bioinformatics
DUO1 orthologs were detected using a BLASTp search of the genomes available in Phytozome using default setting (Goodstein et al., 2012) , with two exceptions; Picea abies and Marchantia polymorpha sequences were obtained from BlastP searches against NCBI databases. The hit with the lowest E value for each species was selected and each verified to contain the signature supernumerary Lys residue (K66) in the R2R3 MYB domain that distinguishes DUO1 from other R2R3 MYB family members (Rotman et al., 2005; Supplemental Fig. S4 ). Appropriate sequences were downloaded from Phytozome with details provided in Supplemental Table S2 . To find overrepresented sequences, 1000 bp upstream of the ATG for each DUO1 ortholog was analyzed through MEME (Bailey et al., 2009 ) with settings adjusted to search for up to three motifs of 50 to 100 bp in length with one match per sequence. Sequence logos were created using Weblogo (Crooks et al., 2004) .
For analysis of the frequency of SNPs in Arabidopsis accessions, VCF files for the 1000 bp upstream of the DUO1 ATG from 1135 accessions was downloaded (The 1001 Genomes Consortium, 2016). In excel, the number of accessions containing an SNP at each position was summed and divided by the total number of accessions (1135).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers HM776521 (DUO1 transcript) and NP_191605.2 (DUO1 protein).
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